DNA methylation is an epigenetic mechanism of transcriptional gene silencing that is involved in genomic imprinting, 1) X chromosome inactivation, 2) and tumor-suppressor gene inactivation in cancer cells 3) and essential for normal mammalian development. Genomic DNA in mammalian cells commonly undergoes methylation of the cytosine residues at C5 in CpG sequences. In the human genome, about 85% of CpGs are methylated, whereas the majority of unmethylated CpGs are located in CpG islands, 4, 5) but the methylation status of genomic DNA differs among animal species. The percentage of CpG methylation is 60-90% in vertebrates, 6) 10-40% in the sea anemone (coelenterate), the mussel (mollusc), and the sea urchin (echinoderm), 7, 8) and very low or not detectable in insects 9) and nematodes (Caenorhabditis elegans).
10) DNA methylation patterns are also different: global methylation in the mammalian genome and mosaic methylation in the invertebrate genome. 8, [11] [12] [13] Thus the mechanisms underlying epigenetic reprogramming appear to be different from animal to animal. Such nonuniformity might reflect differences in the protein complexes that are connected to epigenetic DNA methylation-demethylation systems. DNA methylation of CpG dinucleotides by S-adenosyl-L-methionine (AdoMet) at C5 of cytosine is catalyzed by DNA (cytosine-5)-methyltransferases (Dnmts). In mammals, five Dnmts have been reported to date. Dnmt1 prefers hemi-methylated CpG sites and is considered to be responsible for the maintenance methylation. 14, 15) In contrast, Dnmt3a and Dnmt3b show no preference for hemi-methylated CpG sites and hence are considered de novo methyltransferases. 16, 17) Dnmt2 shows weak DNA-methylating activity 18) and methylates cytosine 38 in the anticodon of tRNA Asp . 19, 20) Dnmt3L, a Dnmt-like protein, does not possess DNA methyltransferase activity because it lacks some regions that are essential for activity, but it associates with Dnmt3a and Dnmt3b and modulates their activity. 21) Recently, the X-ray structure of a complex between the C-terminal regions of Dnmt3a and Dnmt3L was reported. 22) They form a heterotetrameric complex with two active sites. Very recently, the X-ray structure of a productive covalent complex of mouse Dnmt1(731-1602) with DNA was also reported. 23) Information about Dnmts is important in order to understand the role of DNA methylation in animal development. cDNA cloning of a sea urchin (Paracentrotus lividus) Dnmt has been reported. 24) The recently published whole genome sequence of the sea urchin Strongylocentrotus purpuratus (http://www.hgsc. bcm.tmc.edu/projects/seaurchin/) suggested that the sea urchin has only two Dnmts similar to Dnmt1 and Dnmt3. It has been reported that about 40% of CpGs are methylated in the sea urchin genome. 8) We have reported the cDNA cloning, expression, and characterization of methyl-CpG-binding domain type 2/3 proteins (MBD2/3) from starfish and sea urchin that are highly homologous to mammalian ones. 25) These suggest that an epigenetic DNA methylation-dependent mechanism of transcriptional gene silencing might be operational in Echinoderms as well. If so, to study all types of Dnmts of lower invertebrates should provide an efficient way of understanding the essential housekeeping functions of each of the various Dnmts. To date, no papers have appeared that report on starfish Dnmts.
As an essential step to answer the question whether and if so how a DNA methylation-dependent epigenetic mechanism for transcriptional gene silencing functions in Echinoderms, we cloned and sequenced starfish dnmt1 and dnmt3 cDNAs that showed high sequence homologies to mammalian Dnmt1s and Dnmt3s. Expression of these dnmt mRNAs in adult starfish tissues as well as changes in dnmt1 mRNA expression levels in sea urchin early embryos was also investigated. One of these proteins was heterologously expressed in insect cells and purified, and characterized by its catalytic activity.
Materials and Methods
Materials and animals. Oligonucleotide primers (Table 1) were synthesized by Invitrogen (La Jolla, CA) and Sigma Aldrich Japan Genosys (Tokyo). All other materials were obtained from commercial sources.
Starfish Asterina pectinifera were collected near Asamushi in Aomori Prefecture and Aburatsubo in Kanagawa Prefecture, Japan, and sea urchin Hemicentrotus pulcherrimus near Ushimado in Okayama Prefecture, Japan in their breeding seasons. They were kept in laboratory aquaria supplied with cooled circulating artificial seawater (Roht Pharmaceutical, Osaka, Japan).
Bacterial strains, plasmids, DNA manipulation, and nucleotide sequencing. Escherichia coli JM109, DH5MCR, and BL21(DE3) strains were used as hosts for plasmids pCR-XL-TOPO (Invitrogen, Carlsbad, CA), pCR2.1 (Invitrogen), pGAD10 (Clonetech, Mountain View, CA), pGEX-2T (GE Healthcare, Little Chalfont, UK)-derived pNEX, and pET19b (Merck, Darmstadt, Germany), and E. coli SCS110, a dam À dcm À strain, for unmethylated plasmid pSTV28 (Takara Bio, Ohtsu, Japan). Standard recombinant DNA techniques described by Sambrook et al. 26) were used. Restriction endonucleases and other enzymes for the construction of the plasmids were used following the manufacturer's instructions. Template plasmid DNA was prepared by an alkaline lysis method, and was sequenced on an ABI PRISM 310 Genetic Analyzer using a BigDye Terminator v3.1 Cycle Sequencing kit (GE Healthcare).
cDNA synthesis and construction of a starfish ovary cDNA library. Total RNA was extracted from ovarian tissues, immature oocytes, and other tissues of starfish A. pectinifera by the acid guanidinium thiocyanate-phenol chloroform (AGPC) method. 27) First-strand cDNA synthesis was done using Superscript II or Superscript III reverse transcriptase (Invitrogen), as described previously. 25) A starfish ovary cDNA library in the pGAD10 vector was constructed using a TwoHybrid cDNA Library Construction kit (Clonetech), as described previously. 28) PCR, 3 0 -RACE, and 5 0 -RACE. DNA segments were amplified by PCR with Taq (Sigma-Aldrich, St. Louis, MO), GoTaq Flexi (Promega, Madison, WI), rTaq (Promega), KOD, KOD Dash, and KOD plus (Toyobo, Osaka, Japan), or AmpliTaq Gold (GE Healthcare) DNA polymerases using a template and appropriate primer pairs. The PCR products were directly sequenced or cloned into pCR-XL-TOPO using a TOPO-XL-PCR Cloning kit (Invitrogen). The 3 0 -UTR and 3 0 -terminal region of the cDNAs were analyzed by 3 0 -RACE using genespecific forward primers and reverse primer 3 0 -RACEr anchored at the NotI-EcoRI site of the first-strand cDNAs ( Table 1 ). The 5 0 -UTR and 5 0 -terminal region were analyzed by 5 0 -RACE using a 5 0 -RACE System for Rapid Amplification of cDNA Ends kit, v.2.0 (Invitrogen). Northern blot analysis. Poly(A) þ RNA (5 mg) was electrophoresed on 1% agarose gel containing glyoxal and DMSO together with Perfect RNA marker (Merck), and blotted to a hybond-N þ membrane (GE Healthcare). The synthetic 52-mer oligonucleotide probe (sdnmt1-N52), complementary to part of starfish dnmt1 (Table 1) , was labeled by T4 polynucleotide kinase with [-32 P]ATP (specific activity, 3,000 Ci/mmol), and was used to detect dnmt1 mRNA. The probe was hybridized at 42 C for 20 h in hybridization solution that contained 5ÂSSPE, 50% formamide, 5ÂDenhalt's solution, 0.5% SDS, and 250 ng/mL of herring-sperm DNA. The membrane was washed twice at room temperature for 10 min in 2ÂSSPE containing 0.1% SDS, and then twice at 65 C for 15 min in 1ÂSSPE containing 0.1% SDS, essentially as described by Sambrook et al.
26) The radioactivity of the hybridized mRNA bands was analyzed by the BAS1000 system (Fujifilm, Tokyo).
Estimation of levels of starfish dnmt1 and dnmt3 mRNAs. The levels of starfish dnmt1 and dnmt3 mRNAs expressed in various tissues and immature oocytes of adult starfish were analyzed by RT-PCR. Firststrand cDNAs obtained from tissues and oocytes were used as templates. PCR conditions: Taq DNA polymerase; cycles started after denaturation at 94 C for 3 min; 40-50 cycles at 94 C for 30 s, at 61 C for 30 s, and at 72 C for 30 s. PCR products were separated by electrophoresis on a 5% polyacrylamide gel in 0.7ÂTBE buffer.
Antiserum against the C-terminal domain of starfish Dnmt1. For high-level expression of the catalytic domain of starfish Dnmt1 (sDnmt1ct), PCR was performed with primers sdnmt1-ex5f and sdnmt1-ex6r for sdnmt1ct (Table 1 ) using first-strand cDNA from the ovary as template. The $1.5-kb segment amplified was cloned into pCR-XL-TOPO by TA cloning to obtain pCR-XL-TOPO (sdnmt1ct). The NdeI-EcoRI fragment from it was inserted into the corresponding region of pET19b to construct pET19b (sdnmt1ct). His 10 -tagged sDnmt1ct polypeptides were purified from E. coli BL21 (DE3) harboring this expression plasmid by Ni-NTA agarose (Qiagen, Hilden, Germany) column chromatography under denaturing conditions, as described previously for the starfish PKC C-terminal domain. 29) sDnmt1ct was further purified by SDS-PAGE, and the band corresponding to sDnmt1ct was cut out to recover the polypeptide by electro-elution. Antiserum against sDnmt1ct was raised by immunizing a rabbit, as described previously for antiserum against the C-terminal domain of starfish cPKC.
29)
Heterologous high-level expression of starfish dnmt1 cDNA in E. coli and in insect cells. To clone the full-length starfish dnmt1 cDNA, 5 0 -terminal 3.9-kb and 3 0 -terminal 1.5-kb DNA segments were amplified separately by PCR using ovary first-strand cDNA as template and cloned into pCR-XL-TOPO by TA cloning. The full-length dnmt1 cDNA in the same vector (pCR-XL-TOPO (sdnmt1)) was then constructed using the NheI-site. The XbaI site was introduced into expression vector pNEX 30) next to the NdeI site, and the 4.8-kb XbaI fragment from it was then inserted into this site to obtain expression plasmid pNEX (sdnmt1). Recombinant E. coli JM109 cells harboring this expression plasmid were grown, induced by 1 mM isopropyl--thiogalactopyranoside (IPTG), and harvested as described previously.
28)
Spodoptera frugiperda (Sf21) insect cells were maintained at 27 C without supplementation with CO 2 . The XbaI fragment from pCR-XL-TOPO (sdnmt1) was inserted into the XbaI site of pFastBacHTB to obtain pFastBacHTB (sdnmt1). A recombinant baculovirus containing starfish dnmt1 cDNA was generated using pFastBacHTB (sdnmt1) and a Bac-To-Bac Baculovirus expression system (Invitrogen), and Sf21 cells were infected with the virus following the manufacturer's instructions. The medium used for insect cell growth was Sf-900 II SFM (Invitrogen) containing 50 mg of gentamicin sulfate per mL and 0.5% fetal bovine serum (FBS). Monolayer culture was used to express starfish dnmt1 cDNA, and maximum production of sDnmt1 was obtained 3 d post-infection at an MOI of 10. The Sf21 cells harvested were washed with phosphate-buffered saline (PBS) and stored at À80 C until use.
Western blot analysis. Homogenate, precipitant, and supernatant fractions of overexpressing E. coli and insect cells were subjected to SDS-PAGE on a 7.5% acrylamide gel and then electroblotted onto a polyvinylidene difluoride (PVDF) membrane (GE Healthcare) using 8.3 mM Tris/64 mM glycine/3.3% methanol/0.033% SDS (pH 10.0). Rabbit anti-sDnmt1ct antiserum was used as primary antibody, and alkaline phosphatase-conjugated goat anti-rabbit IgG (Kirkegaard and Perry Laboratories, Gaithersburg, MD) as secondary antibody. The bands were visualized by reaction of alkaline phosphatase with 5-bromo-4-chloro-3-indolyl phosphate in the presence of nitroblue tetrazolium.
Purification of His 6 -tagged starfish Dnmt1. His 6 -tagged sDnmt1 was purified to homogeneity from overexpressing insect cells by metalchelate affinity chromatography, essentially as described previously for starfish aPKC. 29) Cells were suspended in 100 mL of the base buffer (20 mM potassium phosphate buffer pH 7.4/300 mM KCl/0.5% Brij35) and disrupted by sonication. After centrifugation at 20;600 Â g for 20 min, the supernatant was applied to a Ni-NTA agarose column (bed volume, 100 mL) that was first equilibrated with base buffer containing 10 mM imidazole and 10 mM DTT. The effluent was passed through the column again. The column was washed successively with 10 bed volumes of the base buffer containing 30 mM imidazole and 10 mM DTT, and then eluted by increasing the imidazole concentration to 200 mM. The absorbance at 280 nm was monitored, and proteincontaining fractions were pooled.
DNA methyltransferase assay of His 6 -tagged starfish Dnmt1. Purified recombinant sDnmt1 was incubated at 37
C for 3 h with 0.3 mg of unmethylated pSTV28 (prepared from E. coli SCS110) and 7.8 mM [ 3 H-CH 3 ]S-AdoMet (specific activity, 3.7 Ci/mmol) (PerkinElmer, Waltham, MA) in 20 mL of HpaII methylase buffer (NEB, Ipswich, MA). The whole mixture was spotted on 1 cm 2 of DE81 (Sigma-Aldrich, St. Louis, MO) paper. The ion-exchange paper was then dried, washed 6 times for 5 min with 1 mL of 5% Na 2 HPO 4 , twice with 1 mL of water, and twice with 1 mL of ethanol, and dried. The radioactivity on the DE81 paper was measured by liquid scintillation counting with Aloka Liquid Scintillation System LSC-3050 (Hitachi Aloka Medical, Tokyo) using 10 mL of Scintisol AL-1 (Nacalai Tesque, Kyoto, Japan).
Molecular evolutionary genetics analysis. Multiple sequence alignment from the sequence data for Dnmts and phylogenetic tree reconstruction by the neighbor-joining (NJ) method were conducted using MEGA v.5.05. 31) Other analytical procedures. Protein concentrations were determined by the method of Lowry et al. 32) with crystalline bovine serum albumin as standard, or by measuring the absorbance at 280 nm. SDS-PAGE was performed as described by Laemmli. 33) The protein bands were stained with Coomassie Brilliant Blue R-250. For characterization, sDnmt1ct was subjected to SDS-PAGE and electroblotted to a PVDF membrane (GE Healthcare). After staining with Coomassie Brilliant Blue R-250, the major polypeptide band was excised and analyzed for the N-terminal amino acid sequence with a PerkinElmer model 492 protein sequencer. The N-terminal amino acid sequence of sDnmt1ct was confirmed to be MGKSSE, as expected.
Results and Discussion
Prediction of sea urchin Dnmts from the genome sequence of S. purpuratus
The whole genome sequence of S. purpuratus, published recently, suggests that two different genes for Dnmts are present in the sea urchin. The amino acid sequence of one type of Dnmt encoded by transcript XM775180.2 from gene LOC574665 in genomic contig NW001365052 coincides with that of the reported sea urchin Paracentrotus lividus Dnmt, 24) and shows high homology with those of mammalian Dnmt1s. Domain analysis by SMART (http://smart.embl-heidelberg.de) indicated that it consists of a Dnmt1-associated protein (DMAP)-binding domain, a zinc-binding (zf-CXXC) domain, two bromo-adjacent homology (BAH) domains, and a DNA methylase catalytic domain in that order, which predicts that this sea urchin Dnmt is a DNA (cytosine-5)-methyltransferase type 1 (Sp-Dnmt1).
In contrast, the amino acid sequence of the other type of Dnmt encoded by transcript XM782319.2 from gene LOC582367 in contig NW001280256 showed high homology with those of mammalian Dnmt3s. Given the annotated splicing pattern of this transcript, the Nterminus suggested is longer than mouse Dnmt3a1 by 566 amino acid residues. Domain analysis by SMART indicated that it contains a plant homeo domain (PHD) and a DNA methylase catalytic domain, which predicts that this sea urchin Dnmt is a DNA (cytosine-
34)
Cloning and sequencing of starfish dnmt1 cDNA PCR-based sequencing of starfish dnmt1 cDNA was carried out using the Asterina pectinifera ovary cDNA library 28) as template, because the sea urchin genome sequence was not available at that time. PCR amplification was carried out using dnmt1-d5f/dnmt1-d6r and dnmt1-d9f/dnmt1-d8r degenerate primer pairs (Table 1) designed on the basis of the conserved sequences of mammalian Dnmt1s. Since the sequences of the 0.12-kb and 0.42-kb DNA segments amplified respectively showed high homology with parts of the mammalian Dnmt1s, new primers were designed from these true sequences of starfish dnmt cDNA. PCR amplification was performed using these primers and vector-directed AD1 or AD2 primer ( Table 1 ). The DNA segments amplified were sequenced, and other forward and reverse primers were designed based on the sequences obtained. By repeating these processes, the entire nucleotide sequence of a starfish dnmt cDNA was obtained.
To clone the starfish full-length dnmt cDNA from one individual, we amplified the entire coding region in two parts by PCR. The ovary first-strand cDNAs were synthesized by reverse transcription with Superscript II reverse transcriptase using sdnmt1-utr3, designed based on the sequence of 3 0 -UTR, and sdnmt1-18r (Table 1 ). The 5 0 -terminal 3.9-kb DNA segment (dnmt-N) was amplified from the latter cDNA by nested PCR (first with sdnmt1-1f/sdnmt1-16r and then with sdnmt1-1f/ sdnmt1-48r), and the 3 0 -terminal 1.5-kb DNA segment (dnmt-C) from the former cDNA by PCR with sdnmt1-ex5f/sdnmt1-ex6r primer pairs. These DNA segments were cloned into pCR-XL-TOPO by TA cloning and analyzed for nucleotide sequences. The 1.1-kb NheINotI fragment from pCR-XL-TOPO (dnmt-C) was inserted into the NheI-NotI region of pCR-XL-TOPO (dnmt-N) to construct pCR-XL-TOPO (dnmt), which contained the entire region of starfish dnmt cDNA.
The nucleotide sequence of cDNA and the deduced amino acid sequence of the Dnmt are shown in Fig. 1 (GenBank accession no. JX027277). Sequence homology ( Fig. 2A) , together with domain composition (Fig. 2B) , indicated that this starfish Dnmt belongs to DNA (cytosine-5)-methyltransferase type 1. There were two ATG sites in the 5 0 -terminal region, and the sequence around the first ATG did not coincide with Kozak's consensus sequence, RNNATGG. While the sequence RNNATGG is accurate for vertebrates, there are numerous reports of Kozak sequence variations among different phyla. [35] [36] [37] Based on an alignment of these amino acid sequences with those of other animal Dnmt1s (Fig. 2B) , we concluded that the first ATG (Fig. 1) is the translational start site for starfish dnmt1 cDNA, corresponding to the N-terminal Met residue. The coding region contains 4,776 bp and encodes a polypeptide of 1,592 amino acid residues with a calculated molecular weight of 179,020. As shown in Fig. 2B , essentially all the characteristic motifs and sequences for Dnmt1 were found in the starfish Dnmt1 (sDnmt1) as well. They included conserved regions I, IV, VI, VIII, IX, and X and Gly-Lys (GK) repeats in the C-terminal catalytic domain and the DMAP-binding site, a nuclear localization signal (NLS), protein targeting to DNA replication foci (TRF), zinc-binding, and two BAH sequences in the N-terminal regulatory region, but no proliferating cell nuclear antigen (PCNA) sequence was found in sDnmt1. Alignment of the predicted amino acid sequence with those of other animal Dnmt1s indicated that sDnmt1 is highly homologous with vertebrate Dnmt1s (Fig. 2A) . The identities of the overall amino acid sequence of sDnmt1 (ApDnmt1) with mouse and sea urchin P. lividus Dnmt1s were 54 and 66%, respectively.
Cloning and sequencing of starfish dnmt3 cDNA After starfish dnmt1 cDNA cloning, the whole genome sequence of S. purpuratus became available. It suggested the presence of a Dnmt3 homolog in the sea urchin, although its splicing pattern might be different from the annotated one. To clone all the types of starfish Dnmts, PCR-based sequencing of starfish dnmt3 cDNA was also carried out using the A. pectinifera ovary cDNA library 28) or ovary first-strand cDNA as template. PCR amplification was performed using primers sudnmt3-1f and sudnmt3-2r, designed on the conserved sequence for the catalytic regions of the above-mentioned putative Sp-dnmt3-like gene. Since the sequence of the 0.1-kb DNA segment amplified showed high homology with parts of mammalian dnmt3 cDNAs, new primers were designed based on this true sequence of starfish dnmt cDNA. PCR amplification was performed using these primers and the AD1 or the AD2 primer, and the DNA segments amplified were sequenced. By repeating these processes, a major part of this starfish dnmt cDNA was sequenced. The 3 0 -terminal region was then analyzed by the 3 0 -RACE method (PCR with sdnmt3-16f and 3 0 -RACEr primers and nested PCR with sdnmt3-17f and 3 0 -RACEr primers). The 5 0 -terminal region was analyzed by the 5 0 -RACE method (reverse transcription from sdnmt3-15r, PCR with AAP and sdnmt3-15r, and nested PCR with AAP and sdnmt3-14r) ( Table 1) . By sequencing the DNA segments amplified, the entire nucleotide sequence of this type of starfish dnmt cDNA was obtained.
To clone this full-length dnmt cDNA from one individual, we synthesized the ovary first-strand cDNA by reverse transcription with Superscript III using the NotI-(dT)18 primer, and amplified the whole coding region by PCR with an sdnmt3-ex1f/sdnmt3-ex2r primer pair. We cloned it into pCR-XL-TOPO and analyzed it for the entire nucleotide sequence.
The nucleotide sequence of cDNA and the deduced amino acid sequence of the Dnmt are shown in Fig. 3 (GenBank accession no. JX027278). Sequence homology (Fig. 4A) , together with domain composition (Fig. 4B) , indicated that this type of starfish Dnmt belongs to DNA (cytosine-5)-methyltransferase type 3. Since there was only one ATG site in the 5 0 -terminal region, we concluded that this ATG is the translational start site for starfish dnmt3 cDNA, although the sequence around it does not follow Kozak's consensus sequence. The coding region consisting of 2,010 bp encodes a polypeptide of 670 amino acid residues with a calculated molecular weight of 75,873. As shown in Fig. 4B , all the motifs and sequences characteristic of Dnmt3 were found in starfish Dnmt3 (sDnmt3). They included conserved regions I, IV, VI, IX, and X in the C-terminal catalytic domain, and a Pro-Trp-Trp-Pro (PWWP)-containing domain and a PHD domain in the N-terminal regulatory region. Alignment of the predicted amino acid sequence with those of other animal Dnmt3s indicated that sDnmt3 is highly homologous with vertebrate Dnmt3s (Fig. 4A) , and that its homology to Dnmt1s is lower (data not shown). The identities of the overall amino acid sequence of sDnmt3 (Ap-Dnmt3) with mouse Dnmt3a1, Dnmt3a2, and Dnmt3b were 51, 50, and 47%, respectively.
Evolutionary relationships of Dnmts
Analysis of echinodermal Dnmts provides important clues for clarifying the evolutionary relationships between the DNA (cytosine-5)-methyltransferases. Figure 5 shows a phylogenetic tree of amino acid sequences of Dnmts from vertebrates, invertebrates, higher plants, and bacterial CpG methylases. The sea urchin has only two types, Dnmt1 and Dnmt3, which might constitute a sufficient set of Dnmts for Echinoderms. Since sDnmt3 shows highest homology with mammalian Dnmt3a, especially the Dnmt3a2 splicing variant, Dnmt3a may be considered the prototype of other mammalian Dnmt3s, Dnmt3b, and Dnmt3L. Among bacterial CpG (cytosine-5)-methyltransferases, the catalytic domains of HpaII and HhaI methylases showed higher homology with animal Dnmt1s and plant Dnmts than with Dnmt3s, whereas SssI methylase and E. coli Dcm are located in the middle of the Dnmt1s and Dnmt3s. Thus it appears likely in view of the phylogenetic tree that Dnmt1 and Dnmt3 were formed by evolution from a common prototype or ancestor of the DNA (cytosine-5)-methyltransferase family. The evolutionary diversity of the Dnmts in eukaryotic genomes has been discussed by other investigators as well, 38) and is consistent with the phylogeny of DNA (cytosine-5)-methyltransferases, shown in Fig. 5 .
Levels of expression of dnmt mRNAs in various tissues of starfish and early embryos of sea urchin
The levels of dnmt1 and dnmt3 mRNAs in various tissues and immature oocytes of adult starfish were analyzed by RT-PCR. As shown in Fig. 6 , 0.31-and 0.30-kb DNA segments were amplified by PCR from ovary first-strand cDNA using sdnmt1-21f/sdnmt1-36r and sdnmt3-18f/sdnmt3-9r primer pairs for dnmt1 and dnmt3, respectively. Sequence analysis indicated that A, Alignment. Identical and similar amino acid residues in all the proteins are indicated by asterisks and dots, respectively. Gaps are indicated by hyphens. Characteristic amino acid residues of each domain or region are indicated in boldface. Percent identity of amino acid sequence to starfish Dnmt1 is shown in parentheses at the end. Ap, A. pectinifera (starfish); Pl, Paracentrotus lividus (sea urchin); Mm, Mus musculus (mouse). B, Schematic diagrams of domains and characteristic motifs. the DNA segments amplified were parts of the respective dnmt cDNAs. These segments were not amplified at all using each primer alone, indicating that PCR amplification with these primer pairs are specific. As compared with the bands of positive controls (mitochondrial ATPase subunit 6 using satp6-f and satp6-r primers), 25) it appeared that dnmt1 mRNA is present in both ovary and oocytes, but its levels in other tissues were very low or almost negligible. This is in clear contrast to humans, in whom dnmt1 mRNA is expressed at detectable levels in almost all adult tissues. 39) On the other hand, dnmt3 mRNA was detected only in the ovary in adult starfish, and not at all in the oocytes. Essentially the same results were obtained for three individuals, even when other primer pairs were used for PCR. It was concluded that starfish dnmt3 mRNA is expressed in the ovary but not in fullygrown oocytes, whereas dnmt1 mRNA is expressed mainly in the ovary and fully-grown oocytes. The reason why dnmt3 mRNA is not expressed in fullygrown oocytes might be that it might disturb the established methylation pattern of the female genome. This expression pattern of sDnmt3 is similar to that of Dnmt3b in the mouse, but not to that of Dnmt3a.
40) It should be noted that our results were obtained with only one form of mRNA for each Dnmt. Analysis of other splicing variants as well as their localization should be done in the future. The presence of at least five alternative spliced dnmt1 mRNAs in the sea urchin P. lividus has been reported. 41) Changes in the expression levels of dnmt1 mRNA during early development of the sea urchin H. pulcherrimus were also investigated by RT-PCR using sudnmt1-U3f and sudnmt1-U4r primers. Based on the amounts of the 0.18-kb DNA segment amplified, it was found that the level of expression of dnmt1 mRNA is high in the eggs, but very low or almost negligible during the stages from cleavage to blastula (data not shown). The expression level increased in the gastrula and reached the highest level in the pluteus larva. Our results are consistent with the reported observation that the band intensity of P. lividus Dnmt1 variants markedly decreased at the blastula stage on Western blot analysis with anti-sea urchin Dnmt1-N-terminal antibodies. 41) Such a change in the early development of the sea urchin is similar to that reported for mouse 40, 42) and suggests that the methylation pattern of the Echinoderm genome can also be reset after fertilization and renewed before gastrulation.
Analysis of Dnmt mRNAs expressed in starfish oocytes
On Northern blot analysis of poly(A) þ RNA from immature oocytes of A. pectinifera, a transcript of about 6.5 kb was detected with probe sdnmt1-52 (Table 1) complementary to the sequence of the starfish dnmt1 5 0 -terminal region (52 bases from 445 to 496) (Fig. 7A ). This size of transcript appears plausible from the deduced size of the dnmt1 cDNA including the coding region and 5 0 -and 3 0 -UTRs. Dnmt1o is a shorter splicing variant of Dnmt1 that is specifically expressed in the oocytes of the mouse and opossum. 43, 44) To determine whether such an oocytespecific variant is present in starfish oocytes, the nucleotide sequence of the upstream region of starfish dnmt1 mRNA was analyzed by the 5 0 -RACE method (reverse transcription from sdnmt1-18r and PCR with AAP and sdnmt1-42r primers) ( Table 1 ). The size of the only DNA segment amplified was about 0.75 kb (Fig. 7B) . Its sequence indicated that this DNA segment contains the 5 0 -terminal $0.60-kb coding region of dnmt1 and $0.15-kb 5 0 -UTR. It was concluded that RT-PCRs for sDnmt1 with sdnmt1-21f and sdnmt1-36r primer pair, for sDnmt3 with sdnmt3-18f and sdnmt3-9r primer pair, and for starfish mitochondrial ATPase subunit 6 (control) with a satp6-f and satp6-r primer pair (Table 1) . Lanes 1, testis; 2, oocytes; 3, ovary; 4, radial nerve; 5, tube foot; 6, stomach; 7, intestine.
Dnm1 is expressed but a Dnmt1o-like oocyte-specific variant of sDnmt1 not expressed in starfish oocytes.
Heterologous high-level expression of starfish dnmt1 cDNA in insect cells Starfish dnmt1 cDNA was heterologously expressed at a high level using an E. coli expression system. Upon induction by IPTG of E. coli JM109 harboring expression plasmid pNEX(sdnmt1), a protein band with an M r of $190 kDa was observed on SDS-PAGE of the homogenates (data not shown), in good agreement with its predicted molecular weight. This band was confirmed to be the sDnmt1 polypeptide by Western blot analysis with antiserum against the Cterminal domain of sDnmt1 (sDnmt1ct). Since sDnmt1 was expressed in E. coli as inclusion bodies even at lower temperatures at lower IPTG concentrations, functional expression of sDnmt1 in Sf21 insect cells using a baculovirus expression system was attempted (Fig. 8A) . The best expression of sDnmt1 was obtained by transfection with the recombinant baculovirus at an MOI of 10 at 72 h post-infection. When the transfected cells were examined for sDnmt1 expression by SDS-PAGE and Western blotting, a distinct band with an M r of 190 kDa was observed that was reactive with antisDnmt1ct antiserum. Expression was virus-dependent, and at least a part of the protein was present in the supernatant fraction. A very thin band with an M r of $205 kDa was observed both in the transfected and the untransfected cells (negative control). Since this band was also reactive with the antiserum, it might have been due to the endogenous Dnmt1 protein of the host Sf21 cells.
Purification and confirmation of the enzyme activity of starfish Dnmt1
Transfected Sf21 cells from 18 mL of culture were harvested, and the His 6 -tagged sDnmt1 protein was purified from the cell-free extract by Ni-NTA column chromatography. As shown in Fig. 8B , the M r $190 kDa protein eluted by increasing the imidazole concentration to >40 mM was identified as sDnmt1 by Western blot analysis using anti-sDnmt1ct antiserum. It should be noted that the M r $190 kDa band was not found in the pass-through or washing fractions. Instead, the M r $170 kDa protein, which was reactive with the antiserum, was eluted in these fractions. It has been reported for mouse Dnmt1 that the N-terminal region (amino acid residues 1-248) forms a domain structure and readily undergoes proteolytic cleavage. 45) This region corresponds to residues 1-213 in sDnmt1. Thus the M r $170 kDa protein might have been a degradation product of sDnmt1, whose N-terminal region containing a His 6 tag was lost due to limited proteolysis and thus not adsorbed to the Ni-NTA column.
When DNA (cytosine-5)-methyltransferase activity was assayed using Ni-NTA-purified sDnmt1 with unmethylated plasmid pSTV28 as substrate, distinct enzyme activity was observed. A typical result is shown in Fig. 9 . The specific activity measured with this substrate at 37 C for 3 h was about 0.02 nmol-CH 3 / nmol of sDnmt1. This value is lower than those reported for mouse Dnmt1 measured with poly dI-dC as substrate. 46, 47) This lower activity is plausible since an unmethylated substrate was used instead of a hemi- A, Northern blot analysis. Experimental details are described in the text. B, 5
0 -RACE analysis. The dnmt1 mRNA from starfish oocytes was analyzed by reverse transcription with sdnmt1-18r, followed by PCR with AAP and sdnmt1-42r primers.
methylated CpG-containing nucleotide. The sDnmt3 expressed in E. coli cells was also catalytically active. Its enzymological properties will be published elsewhere.
In summary, the data described here indicate that Echinoderms (starfish and sea urchin) have Dnmt1 and Dnmt3 that are highly homologous to their mammalian counterparts. They might be responsible for maintenance and de novo DNA methylation respectively. It is noteworthy that essentially all the characteristic motifs and sequences for mammalian Dnmt1s, except for the PCNA-binding domain, were found in sDnmt1 as well. It is an enigma why the PCNA-binding domain was not found in sDnmt1 and sea urchin Dnmt1. PCNA, an essential factor for DNA replication and repair, is believed to target Dnmt1 to the replication machinery during the S phase and at DNA repair sites. Since a PCNA-like protein is present in the sea urchin as judged from the S. purpuratus whole genome sequence (search result not shown), it is likely that there is a binding site for the PCNA-like protein in Echinoderms as well. This hypothesis is confirmed by the fragmentary homology between the amino acid sequences of sDnmt1 and the sea urchin Dnmt1. Hence it is suggested that the mechanisms in echinoderms of targeting Dnmt1 to the DNA replication machinery, the recognition of hemimethylated sites, the control of enzyme activity, and so on, are almost the same as in mammals. Since these molecular mechanisms remain largely obscure, the starfish and sea urchin provide useful model systems for biochemical investigation of Dnmt1.
Furthermore, all the motifs and sequences characteristic of mammalian Dnmt3a and Dnmt3b were also conserved in sDnmt3, which suggests that these Dnmt3s are functionally very similar. In mammals, it is believed that the DNA methylation patterns are formed and maintained by five Dnmts, i.e., Dnmt1, Dnmt2, Dnmt3a, Dnmt3b, and Dnmt3L. The X-ray structures of a productive covalent mouse Dnmt1(731-1602)-DNA complex 23) and the heterotetramer complex of the Cterminal domains of Dnmt3a and Dnmt3L 22) were recently reported. The whole genome sequence of the sea urchin suggests that Dnmt1 and Dnmt3 are the only DNA methylases that Echinoderms have. Hence there may be a more simple mechanism for DNA methylation in Echinoderms. Elucidation of the mechanism might contribute to understanding of the overall picture of DNA methylation in higher animals.
